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a b s t r a c t

Chitosan-cellulose composite fibers spun using a Lyocell technology are characterized by a homogeneous
distribution and a close packing of the two biopolymers inside the fibrous matrix. Due to the intimate
contact of cellulose and chitosan, synergistic effects can be observed during the pyrolysis of the com-
posite fibers. In this study, the catalytic role of chitosan in altering the cellulose pyrolysis pathway in the
composite fibers at moderate treatment temperatures up to 900 �C is confirmed. Analyses of the evolved
gases during pyrolysis revealed that chitosan promoted cellulose dehydration and substantially
decreased the formation of levoglucosan, explaining the higher char yield. The enhanced dehydration
reaction is associated with the formation of intermolecular crosslinks due to the incorporation of ni-
trogen from chitosan in the resulting carbon structures. Nitrogen could also contribute to the in-plane
disorder in the aromatic clusters when the pyrolysis is carried out at 500e700 �C, although the in-
plane disorder is less noticeable from 700 to 900 �C. Nevertheless, the size of the aromatic cluster
continues to grow when the composite fibers are pyrolyzed in a temperature range of 500e900 �C.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Due to its abundance on earth, cost-effectiveness, non-toxicity,
and excellent mechanical strength and flexibility, cellulose plays an
important role as a source of renewable materials and energy [1,2].
Cellulose-based carbon materials can be produced through various
thermochemical routes, such as pyrolysis, and show potential in
various applications such as for environmental remediation
(pollutant and heavy metal adsorption) [1], energy storage (elec-
trode material in batteries and supercapacitors) [2e9], structural
applications (carbon fibers and composite materials) [10], and
catalysis [11,12].

In the course of cellulose pyrolysis, the product distributions are
mostly governed by two competing pathways. The first pathway
described by Shafizadeh favors the formation of gaseous and solid
products, while the second one favors the formation of condensable
mel).
f Finland Ltd.
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liquid products or tars [13]. The reactions involved in the first
pathway are dominant at low temperature (�300 �C) and include
reduction in molecular weight or degree of polymerization (DP) by
bond scission, dehydration, rearrangement, production of carbon
dioxide and carbon monoxide, and char formation [13e16]. The
rate-limiting step in the first pathway is the dehydration reaction,
which can be accelerated by incorporating dehydration catalysts
[15e17]. When the pyrolysis temperature is high enough to over-
come the activation energy of depolymerization (~200 kJ/mol) [18],
usually around 300e500 �C [13], the second pathway or depoly-
merization of the cellulose chains is favored, producing tars,
wherein levoglucosan is the major product (up to 80%) [19]. The
dominance of depolymerization over dehydration lowers the char
yield (~10 wt%) compared to its theoretical maximum yield
(44.4 wt%) [20]. Therefore, for pyrolysis at high temperatures or
heating rates, the presence of catalysts is required to promote the
first pathway and consequently to improve the char yield [16]. An
increased carbon yield improves the economic feasibility and pro-
cess sustainability in the production of carbonaceous materials
from cellulose.
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In our recent study [21], chitosan, an amine-containing cellulose
analog, substantially increased the yield of carbon fibers derived
from cellulose composite fibers prepared via a recently developed
Lyocell-type spinning process termed Ioncell®. In this process,
cellulose and chitosan are dissolved simultaneously in a non-
derivatizing solvent and the solution is spun into an aqueous
coagulation bath. The resulting fiber matrix consists of highly ori-
ented cellulose polymer chains in which chitosan is homoge-
neously distributed. The intimate contact between cellulose and
the amine groups presents in chitosan altered the cellulose
degradation during pyrolysis observed via differential thermog-
ravimetry (DTG). The comparison with DTG results of the simple
physical mixture of cellulose and chitosan powder showed that the
composite fiber had a significantly lower rate of cellulose degra-
dation compared to the physical mixture.

Inorganic salts, such as (NH4)2SO4, (NH4)2HPO4, and NH4Cl, are
commonly used as dehydration catalysts to enhance the flame
retardancy and the char yield of cellulosic materials. For this pur-
pose, the catalysts are required to exhibit several characteristics: (i)
decrease the pyrolysis temperature, (ii) increase the release of
water and carbon dioxide, and (iii) increase the amount of char
formed [14,15,22].

Therefore, to elucidate the catalytic effect of chitosan during the
pyrolysis of the composite fibers, we investigated the formation of
water and CO2 and their onset temperatures via evolved gas
analysis-mass spectrometry. In addition, we also monitored the
production of levoglucosan as the main compound from tar. The
results from the composite fibers are also compared to the physical
mixture of cellulose and chitosan powder similar to our previous
study [21]. Furthermore, we carried out an in-depth nano-structure
characterization of the pyrolytic carbon material. These are
important aspects for the development of not only cellulose-based
carbon fibers but also novel heteroatom-doped carbon materials,
particularly nitrogen-doped carbon, which offer potential applica-
tions in various fields [23,24]. To the best of our knowledge, this
study is the first one examining the role of chitosan as a dehydra-
tion catalyst during cellulose pyrolysis with an additional focus on
the effect of nitrogen on the carbon nanostructure evolving at
moderate pyrolysis temperatures (up to 900 �C). The structure
formation at such comparatively low temperatures is not fully
understood yet but is of high interest both in terms of economic and
ecological impact of biomass pyrolysis.

2. Materials and methods

2.1. Preparation of chitosan-cellulose composite fibers

Birch (Betula pendula) prehydrolysis kraft pulp (PHK)
([h] ¼ 494 ml/g, Mn ¼ 72.9 kDa, Mw ¼ 262.9 kDa, polydispersity
3.6, Enocell Speciality Cellulose, Finland) was received from Stora
Enso Enocell Mill in Finland. The cellulose was received as pulp
sheets and ground to a fine powder in a Wiley mill before use.
Chitosan powder was purchased from Glentham Life Scince (UK),
having average molecular weights of 30 kDa.

In brief, the chitosan was dissolved in ionic liquid (IL) 1,5-
diazabicyclo[4.3.0]non-5-ene-1-ium acetate ([DBNH]OAc). Then,
the cellulose pulp was added to the chitosan-IL solution and
continuously mixed until both polymers were completely dis-
solved. The chitosan/cellulose polymer shares were 10/90 or 25/75
(w/w) and the total polymer concentration in the IL solution was
12 wt%. A reference solution of 100% cellulose was also prepared.
Due to the significantly lower molecular weight of chitosan, it was
not possible to spin a 100% chitosan fiber using the IL-based dry-jet
wet spinning technology. The viscoelastic properties of a pure
chitosan solution did not allow for filament stretching in the air gap
28
but instead showed instant filament breach. Further, chitosan is
substantially more expensive than pulp cellulose. Therefore, com-
posite fibers with higher chitosan shares were not prepared.

The chitosan-cellulose composite fibers were spun in a
customized dry jet-wet spinning unit (Fourn�e Polymertechnik,
Germany). The take-up velocity and extrusion velocity were
adjusted so that the spun fibers had a draw ratio (DR) of 4. The
collected continuous filament was washed and air-dried. The de-
tails for the preparation of the spinning solutions and the spinning
of the chitosan-cellulose composite fibers can be found elsewhere
[21].

2.2. Preparation of carbon fibers derived from chitosan-cellulose
composite fibers

Carbon fibers were prepared by carbonizing ~300 mg of the
oven-dried precursor fibers (~10 cm length) in a tubular furnace
(NBD Tube Furnace). The samples were placed in a ceramic boat,
heated under a flow of N2 of 8.3 l/min from room temperature to
the final temperature (500, 700, or 900 �C) using a heating rate of
10 �C/min. The carbonization was held for 30 min at the final
temperature before cooling down to room temperature [21].

2.3. Characterization of composite fibers and carbon fibers

2.3.1. Characterization of pyrolysis products from composite fibers
Evolved gas analysis-mass spectrometry (EGA-MS) experiments

were carried out to semi-quantify the formation of water, CO2, and
levoglucosan during pyrolysis. A Multi-shot pyrolyzer (EGA/Py-
3030D, Frontier Laboratories Ltd.) was connected to an Agilent GC/
MS system (GC: 7890A; MS: 5975C; MSD source: 230 �C; MS
quadrupole: 150 �C; acquisition mode: scan; scanning range: m/
z ¼ 10e550 after electron ionization (EI) at 70 eV; and split injec-
tion mode: 100:1). The experimental setup has been described
elsewhere in more detail [25,26]. During the EGA-MS test, a sample
(2.5e3.0 mg) was heated from 60 to 900 �C at a heating rate of
10 �C/min under He gas (103ml/min) inside the pyrolyzer. Each test
was done in triplicate. The generated products during pyrolysis
were passed through a column (Ultra ALLOY® deactivated metal
capillary tube UADTM (Frontier Laboratories Ltd.)) and measured
by the MS. The inlet temperature and the GC oven were kept at
300 �C throughout the pyrolysis experiments. The measurement
conditions were kept constant for all samples to allow for
comparative interpretation of the results.

Water and CO2 were monitored using the m/z ¼ 18 and 44
signals as molecular ions, respectively [17,27]. Levoglucosan is
typically identified bym/z¼ 60which becomes the base peakwhen
ionizing at 70 eV [25,28]. Minor contributions to m/z ¼ 60 from
acetic acid and hydroxyacetaldehyde during cellulose pyrolysis
were assumed to be negligible [14,28]. A semi-quantitative analysis
of the production of water, CO2, and levoglucosan was done by
calculating the peak areas of their respective ions signal after
normalizing by the sample mass (absolute intensity/sample mass).
The relative production of the compounds was also calculated by
dividing the peak area of the compounds by the peak area of the
total ion chromatogram (TIC).

2.3.2. Characterization of carbon fibers
The surface chemistry of the carbon fibers was evaluated via X-

ray photoelectron spectroscopy (XPS), using an AXIS Ultra DLD
electron spectrometer by Kratos Analytical (Manchester, U.K.). All
experiments were performed with monochromatic Al Ka irradia-
tion at 100W power and under neutralization. The fiber bundles
were gently fixed on the sample holder with screws and a copper
plate so that the part to be measured was left hanging outside the
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holder. Each sample batch was pre-evacuated overnight to achieve
stable ultra-high vacuum conditions. Furthermore, a fresh piece of
Whatman filter paper was measured as an in-situ reference with
each sample batch [29]. Experiments were performed on several
locations for each sample. High-resolution spectra of carbon C 1s
and N 1s regions were recorded for more detailed chemical anal-
ysis. Data were analyzed using CasaXPS software. The binding en-
ergies of the high-resolution spectra were calibrated by setting the
CeO at 286.7 eV [30].

The chemical functionalities of the carbon fibers were investi-
gated by Fourier transform infrared spectroscopy (FTIR) Nico-
let6700 using a KBr method. The spectra were acquired from 64
scans, 4 cm�1 resolution, and wavenumber range 4000e650 cm�1.

The nanostructures of the carbon fiber were investigated by
Raman spectroscopy and X-ray diffraction (XRD). The Raman
spectra of the carbon fiber were collected using a LabRAM HR
(HORIBA) equippedwith a CCD detector. The samples were exposed
to a 514 nm Ar laser for 60 s at 0.1% laser power (14 mW on the
sample). Two scans were collected using a 100x microscope
objective. Polarization of the incident laser was set by a half lambda
plate to be parallel to the longitudinal direction of the carbon fibers.
Baseline correction was applied to obtain a flat baseline between
800 and 2000 cm�1. The peak at 1350 cm�1 (D band) was fitted
with a Lorentzian function, while the peak at 1590 cm�1 (G Band)
was fitted with a Breit-Wigner-Fano (BWF) function [31,32], which
arguably can fit wide ranges of carbon [33]. The ID/IG ratio was
calculated from the height of the two peaks.

X-ray diffraction data of the carbon fiber were collected in the
transmission mode setting of a CuKa X-ray instrument, SmartLab
(RIGAKU) operated at 45 kV and 200 mA. The carbon fibers were
fixed in the sample holder. The diffraction data were collected in a
continuous mode from 5� to 60� 2q by q/2q scan setting. The sample
holder without sample was collected under the same experimental
condition and was subtracted from the obtained scattering profiles
of the samples. The subtracted data were smoothed using the
Savitzky-Golay filter [34] with a window size of 29 and a poly-
nomial order of 1. The smoothed data were then corrected for in-
elastic scattering.

The amorphous contributionwas subtracted from the remaining
elastic scattering profile using a smoothing procedure [35,36]
applying a Savitzky-Golay filter from 6� to 55� 2q for each diffrac-
tion profile. Window size and polynomial order for the Savitzky-
Golay filter were set to 201 (corresponding to 4� by 2q) and 1,
respectively. Iteration for the background estimation was repeated
200 times.

The background-corrected profiles were fitted with two
pseudo-Voigt functions for (10) and (002) diffraction bands of
carbon. The software lmfit [37] was used for the fitting. The
apparent crystallite size (CW hklÞ along the a-axis, La,was obtained
from the (10) plane using the Scherrer equation (eq. (1)). Several
terms such as extension in the in-plane aromatic clusters along the
basal plane [38] or graphene sheets [38e40] have been used to
described the increase in the apparent crystallite size along the a-
axis La. In this study, in-plane aromatic cluster is synonymous for
apparent crystallite size along the a-axis or graphene sheets.

CWhkl ¼
Kl

bhkl cos q
(1)

where l is the X-ray wavelength, bhkl is the full width of half
maximum (FWHM) of the diffraction peak in radians, q is the
diffraction angle of the peak, and shape factors of K ¼ 1.84 for (10)
band. The d-spacing of the (002) peak (d002) was calculated via the
Bragg equation:
29
d002 ¼
nl

2 sin q
(2)

TEM images of the nanostructure of the carbon fibers were
recorded using a JEM 2100Plus TEM (JEOL Ltd., Japan) equipped
with a Rio16 CMOS camera (Gatan Inc., USA) operated at 200 kV.
Images were recorded with a relatively low accumulated dose
value, 100-200 e�/Å2, using a low-dose procedure. The carbon fiber
sample was ground by a mortar and then suspended in acetone. A
small amount of the suspension was placed on a holey carbon grid
and then air-dried prior to measurement [41]. Image analyses were
done using the ImageJ software.
3. Results and discussion

3.1. Dehydration reaction and the production of levoglucosan
during pyrolysis of composite fibers

As described in the introduction, promoting the dehydration
reaction could reduce levoglucosan formation and increase the char
yield. The common strategy to favor the dehydration reaction is to
impregnate the substrate with dehydration catalysts such as Lewis
acids or bases [42].

To elucidate the catalytic effect of chitosan on the heat-induced
dehydration of cellulose, we monitored the formation of water and
CO2, which was shown to increase during catalytic dehydration
[15,17]. In addition to the pure cellulose and the composite fibers,
the physical mixtures of powdered cellulose fiber and chitosan
powder were also investigated to distinguish interactions at
different contact levels [21]. The extracted chromatograms of water
and CO2 are depicted in Fig. 1a and b, respectively. The total ion
chromatogram (TIC) is also plotted in Fig. 1c. The water released
below ~170 �C is physically desorbed from the fibers whereas above
~170 �C is likely associated with chemical reactions occurring
during the pyrolysis process. This is consistent with earlier studies
inwhich physical and chemical desorptionwas identified, although
the exact temperature rangesmight differ [43]. The peak maximum
of released water and that of the TIC are all within a narrow tem-
perature range, in linewith the literature suggesting thewater peak
is located nearby the peak of overall mass loss [43,44].

The onset temperatures of the releases of water, CO2, and TIC are
presented in Fig. 2. Overall, there was a decrease in the onset
temperature of the water released during the pyrolysis of com-
posite fibers or physical mixtures from the standard cellulose fiber
(Fig. 2a). Some studies described dehydration catalysts (e.g. orga-
nosilicones in combination with ammonium salts) shift the water
release to lower temperatures in addition to increasing its total
released amount [15,17]. However, even if there was some catalytic
effect resulting from the interaction of the amine groups in chitosan
and cellulose in the composite fiber, the shift of the onset tem-
perature alone does not proof this. A downshift was also observed
by the physical powder mixture, with pure chitosan powder
degrading at a relatively low temperature (~200 �C) [45]. In
contrast to the onset temperatures of water release, the onset
temperatures of CO2 and TIC of 25 wt% chitosan composite fiber
were significantly lower than the neat cellulose fiber or physical
mixtures (Fig. 2b and c, respectively). The onset temperatures of
CO2 and TIC of physical mixtures, on the other hand, were close to
those of the neat cellulose fiber. The ~5 �C and ~10 �C downshift
observed for CO2 and TIC in the case of the 25 wt% chitosan com-
posite fiber might be attributed to the catalytic activity of the chi-
tosan in the composite fiber.

In an attempt to quantify the amount of released gasses, the
peak area under the normalized intensity (peak area/mass) of water



Fig. 1. Extracted chromatograms obtained during the pyrolysis of cellulose, composite fibers, physical mixture of chitosan and cellulose, and chitosan powder at 10 �C/min of water
(m/z ¼ 18) (a), CO2 (m/z ¼ 44) (b), and TIC (c). (A colour version of this figure can be viewed online.)

Fig. 2. Onset temperature from extracted chromatograms, calculated at 5% of peak area compared to total peak area at 170e400 �C, of water (m/z ¼ 18) (a), CO2 (m/z ¼ 44) (b), and
total ion chromatogram (TIC) (c). (A colour version of this figure can be viewed online.)

Fig. 3. Integrated EGA-MS peak areas, calculated from 170 to 400 �C, of water (m/z ¼ 18) (a), CO2 (m/z ¼ 44) (b), and total ion chromatogram (TIC) (c) as a function of the chitosan
share. (A colour version of this figure can be viewed online.)
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and CO2 from 170 to 400 �C was calculated (Fig. 3a and b). The
temperature of 170 �C was chosen as a lower peak limit to account
only for the pyrolysis water. The peak areas of water and CO2 were
significantly higher in the composite fibers than in the cellulose
fiber. On the other hand, the signals of the physical powder mix-
tures were very close to the cellulose fiber. In particular, the 25 wt%
chitosan composite fiber showed statistically significant higher
values than the cellulose fiber and the corresponding physical
mixture. Moreover, there are noticeable different trends (Fig. 3b)
when comparing the peak area/mass of the CO2 release between
the composite fiber (rising trend) and the physical mixture
(decreasing trend). Pure chitosan produced much less CO2 (Fig. 3b).
The decreasing trend of CO2 in the physical mixtures with higher
chitosan concentrations can simply be attributed to the lower
amount of cellulose and higher amount of chitosan in the sample
mixture. These results indicate that chitosan promotes the dehy-
dration of cellulose when closely packed with cellulose at the
nanoscale.

Besides the higher production of water and CO2, the peak area of
TIC of the 25 wt% chitosan composite fiber was significantly lower
than the cellulose fiber or the corresponding physical mixture
(Fig. 3c). This is in agreement with previous DTG results where the
composite fibers had a lower degradation rate than the physical
mixtures [21]. Considering that the TIC is representative of the
released volatiles during pyrolysis, we normalized the peak area of
water and CO2 by the peak area of TIC calculated in the same
temperature interval, as an indication of the relative water and CO2

yield. Similar to the trend obtained for the peak area in Fig. 3, the
peak area ratios shown in Fig. 4a and b indicate that the composite
fibers produced larger amounts of water and CO2 in the gas phase
compared to the cellulose fibers and the powder mixtures. Again,
the peak area ratio for the physical mixtures were very close to
those obtained for the neat cellulose fibers.

The increased dehydration reaction and the higher yield of CO2
indicate that the first pathway in cellulose pyrolysis as postulated
by Shafizadeh was promoted in the composite fibers [13,22,46]. As
expected, this led to a substantially lower formation of levogluco-
san [14,21,47e49] than observed for the pure cellulose or physical
mixtures, shown as peak area and peak area ratio in Fig. 5a and b,
respectively. The enhanced dehydration during cellulose pyrolysis
was reported to produce cross-linked structures with enhanced
thermal stability, lowering levoglucosan and boosting char forma-
tion [46,50e52]. These results are in line with our previous study
that indicated a catalytic effect of chitosan on the thermal degra-
dation of cellulose shown by the increased carbon yield [21]. It also
confirms that such catalytic effect or synergistic interaction is only
Fig. 4. Peak area ratio (¼ peak area of a specific m/z divided by the total TIC peak area calc
fibers, physical mixture of chitosan and cellulose, and chitosan powder of water (m/z ¼ 18

31
enabled when chitosan and cellulose are in intimate contact
created through co-dissolution and coagulation as opposed to a
simple physical powder mixture of both biopolymers.
3.2. Nanostructure of carbon fibers derived from the composite
fibers

The carbonized fibers in this study were produced at three
temperatures: 500, 700, and 900 �C. The gradual development of
the nanostructure of the carbon fibers in this temperature range
was studied using the complementary methods of Raman spec-
troscopy and XRD (Fig. 6). However, due to the moderate temper-
ature ranges and finite number of samples, cautious interpretation
of the structural properties of the carbon fibers derived from cel-
lulose and chitosan-composite fibers is required.

Raman spectroscopy is a widely used tool to characterize the
structure of carbon materials using two characteristic bands (D and
G bands) [53]. The appearance of the G band (~1500-1630 cm�1) is
due to the in-plane bond-stretching of pairs of sp2 atoms both in
chains or ring structures [33]. The D band (~1350 cm�1) only
emerges when there are ring structures as it is derived from the
breathing mode of sixfold aromatic rings [33]. The intensity ratio of
the D and G bands ID/IG is commonly used to follow the evolution of
the nanostructures of the carbon materials as it is connected to the
size of the in-plane aromatic cluster La [33,38,54]. For highly or-
dered carbons, for example highly oriented graphite, the presence
of “disorders” reduces the in-plane cluster size La and increases the
intensity of the D band, and consequently the ID/IG ratio [33]. For
such a system, the Tuinstra-Koenig (TK) equation [54] is valid.
However, for highly disordered carbons with smaller La (typically
below 40-20 Å) [55], the intensity of the D band is mainly con-
nected to the probability to find aromatic rings of the size of the
aromatic clusters [33]. Therefore, for this regime, equation (3)
proposed by Ferrari and Robertson [33] is favored to derive La
from ID/IGwhen using Lorentzian and BWF functions to fit theD and
G bands, respectively [38]. In this study, we adopted equation (3) to
estimate La derived from ID/IG, called La(Raman), considering the
relatively low carbonization temperature in our experimental
condition and thus the still highly disordered system [56].

LaðRamanÞ¼½ðID
IG
Þ
�

0:0055�1=2�Aðforlaserwavelengthof514:5nmÞ

(3)

The ID/IG ratio of the carbon fibers derived from the chitosan-
cellulose composite fibers is shown in Fig. 6a. The increase of the
ulated from 170 to 400 �C at 10 �C/min) during pyrolysis of cellulose fiber, composite
) (a) and CO2 (m/z ¼ 44) (b). (A colour version of this figure can be viewed online.)



Fig. 5. Peak area (a) and the peak ratio of m/z ¼ 60 (as described in Fig. 4) (b) as an indicator of levoglucosan formation during pyrolysis of the cellulose fiber, composite fibers,
physical mixture of chitosan and cellulose, and chitosan powder at 10 �C/min heating rate. (A colour version of this figure can be viewed online.)

Fig. 6. ID/IG ratio (a), La from XRD (b), La from Raman (c), d002 (d), the position of the G peak (e), FWHMG (f), and FWHMG/q (g) of the carbon fibers derived from cellulose and
composite fibers as a function of pyrolysis temperature. (A colour version of this figure can be viewed online.)
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pyrolysis temperature from 500 to 900 �C led to an expected in-
crease in the ID/IG ratio from ~0.5 to ~0.8, suggesting a growth in the
in-plane aromatic clusters [33,38]. This agreed well with XRD re-
sults presented in Fig. 6b showing a rise in the apparent crystallite
size along the basal plane La(XRD) within the same temperature
range. This observation is in line with a number of studies that have
reported an increase in the ID/IG ratio as well as the associated in-
plane aromatic domains from biomass-derived pyrolytic carbon
such as wood and bark [57,58], cellulose fibers [59e61], and kraft-
lignin fibers [62] with increasing carbonization temperatures. The
growth of the aromatic carbons with increasing pyrolysis temper-
ature is also indicated in the C 1s spectra of the XPS analyses in
Fig. S1.

Comparing La(XRD) in Fig. 6b with La(Raman) in Fig. 6c, it is
shown that La(Raman) were about half of La(XRD). Cuesta et al.
discussed this discrepancy already earlier [63]. XRD measurements
average any preferred orientation of microcrystals in randomly
distributed particles while Raman probes only a limited volume of
the particle surface [63]. As the XRD method is more preferable
when measuring La [63], the La(XRD) values in Fig. 6b were used to
estimate the size of the in-plane aromatic clusters in this study.

Besides the increase in La, the XRD measurement revealed that
there was an increase in the apparent interlayer distance of the
aromatic planes d002 from 500 to 700 �C (~3.77e3.90 Å), plotted in
32
Fig. 6d. The increase in d002 from 500 to 700 �C could reflect an
increase in the topological disorders of the in-plane aromatic
cluster [63,64]. In addition to the d002 measured by XRD [63,64], in-
plane disorders of the aromatic clusters can be evaluated by Raman
parameters, such as the full width half maximum of the D and G
band (FWHMD and FWHMG, respectively) [38,65,66]. In this study,
only the G band was utilized because a combination of Lorentzian-
BWF fitting was applied, in which the D band is the least accurate
for amorphous carbon as described by Ferrari and Robertson [33].
The G band, on the other hand, is always present in any carbon
material at any excitation energy with a best-defined peak shape
[67]. The G peak position is linked to the bond strength while
FWHMG reflects the bond length and angle distortions, hence, they
can reflect the ordering of the in-plane aromatic clusters
[31e33,38,68]. Additionally, the FWHMG/q (q is the coupling coef-
ficient in asymmetric BWF fitting) value approaching 0 indicates
the completion of in-plane (two-dimensional) ordering and the
commencement of the stacking (three-dimensional) ordering
[38,66]. The in-plane disorder in the sixfold aromatic cluster in-
cludes disorders that hinders flattening or extension of the basal
planes [31,38]. The upshift of the G band peak and reduced FWHMG

and FWHMG/q values indicate an increase in the ordering of the in-
plane sixfold aromatic clusters [31,38,66,68]. Therefore, the
downshift of the G peak position and the rise in the FWHMG and
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FWHMG/q, in Fig. 6e, f, and 6g, respectively, from 500 to 700 �C
could indicate an increase in the in-plane disorders of aromatic
clusters, in-line with the increase in disorders shown by d002.

One of the reasons of the increase in the in-plane disorders
exhibited by d002 in Fig. 6d and Raman parameters in Fig. 6e, f, and
6g, respectively, from 500 to 700 �C might be due to heteroatoms,
particularly nitrogen incorporation into the carbon scaffold. Based
on elemental analysis (EA) results, the nitrogen originating from
chitosan was largely retained in the carbon structure: the N/C-ratio
of the 25 wt% chitosan composite fiber went from originally ~0.031
to ~0.046 after pyrolysis at 700 �C [21]. Nitrogen has several effects
on the carbon structure, including the formation of energetically
more favored non-hexagonal (i.e. pentagon) rings within the basal
planes [38,69e72], which can contribute to the topological disor-
ders of aromatic planes [56,73e75]. Besides nitrogen, other het-
eroatoms such as oxygen were reported to induce non-hexagonal
cycles in sixfold aromatic planes [40,55,56]. In a study using the
atomic pair distribution function analysis with neutron scattering
data by Petkov et al. [40], “curved and somewhat defective gra-
phene sheets” were produced from pyrolysis of oxygen-rich pol-
y(furfuryl alcohol) at 800 �C, suggesting a topological disorders
induced by oxygen containment in the precursor fiber. In addition,
Paris et al. 2005 reported that the increase in the d002 of spruce
normal wood occurred at pyrolysis temperatures from ~430 to
~630 �C and that the decrease in the d002 started at temperatures
higher than ~1000 �C. These studies support the observed increase
in the in-plane disorders shown by the rising d002 at 500e700 �C
from our precursor fibers which are rich in both nitrogen and ox-
ygen [21].

At pyrolysis temperature from 700 to 900 �C, the development
of d002 was relatively stagnant (Fig. 6d), suggesting a comparatively
unchanged topological ordering of the aromatic cluster compared
to that at 500e700 �C. The elemental analysis also showed only
small changes in the nitrogen and oxygen content (N/C and O/C,
respectively, in mol/mol) of the carbon when advancing from 700
to 900 �C compared to 500e700 �C [21], supporting the picture of
the smaller change in the in-plane ordering exhibited by d002.
Despite this, general trends from Raman parameters (G peak,
FWHMG, and FWHMG/q) at 700e900 �C were difficult to extract and
some values suffer from a high standard deviation (Fig. 6e, f, and 6g,
respectively). These results support the conclusion from Cuesta
et al. that information from XRD and Raman techniques are not
equivalent but complementary and that some disorders, depending
on the origin of the disorders, are reflected only in d002 but not in
the Raman parameter (R ¼ ID/ID þ IG) and vice versa [63].

The continuous increase in the size of the aromatic clusters
La(XRD) at 500e900 �C was accompanied by a simultaneous in-
crease in topological disorder indicated by the rising d002, which
occurred particularly from 500 to 700 �C. Similar observations were
reported by others earlier. Abrasonis et al. [38] compared several
methods for growing amorphous carbon nitride (CNx) thin films at
low temperatures (�450 �C) with low La (<20 nm) and with
varying nitrogen content (~1e20 at.%) and reported that some
specific methods could produce carbon with both larger cluster
sizes and higher degree of disorder in sixfold clusters than the other
methods. Paris et al. reported that the carbonization of spruce
wood, i.e. oxygen-rich lignocellulosic material, resulted in a
simultaneous increase of La (~2.50 nm to ~2.85 nm) and d002
(~0.388 nm to ~0.394 nm) in the moderate temperature range from
~430 �C to ~630 �C. Lastly, Kim et al. [76] showed that there was an
increase of both La and d002 (from 2.540 to 2.959 nm and from
0.3756 to 0.3765 nm, respectively), when stabilized pitch fibers
were pyrolyzed from 800 to 900 �C. The pyrolysis of pitch powder
at the same temperature range showed similar trends, where d002
increased from 0.3455 to 0.3462 nm and La from 3.319 to 4.048 nm.
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The stabilized pitch fiber was produced from pitch powder; the
difference was that the “fibers suffered some shear stress during
the melt-blowing process and had a high oxygen content from the
stabilization process”, explaining the higher d002 of the carbon from
the pitch fibers as compared to the pitch powder. These studies
imply that the simultaneous increase in La and d002 could occur
concurrently depending on the growth mechanism and type of
precursor (e.g. heteroatom content), particularly at a temperature
range below 900 �C as in our study.

As discussed earlier, the precursor fibers in this study contain
nitrogen besides oxygen. The elemental analysis of our and other
studies [21,77,78] have shown that nitrogen is volatilized to a much
lesser extent compared to oxygen during pyrolysis below 1000 �C.
Thus, the effect of nitrogen on the evolution of the carbon structure
has to be taken into account.

Besides the formation of non-hexagonal rings, Abrasonis et al.
[38] have summarized other effects of nitrogen on carbon struc-
tures, including (i) substitution of carbon atoms in in-plane aro-
matic clusters and extension of sp2 cluster [66,79,80], (ii)
occupation of pyridine-like or nitrile-like configurations that can
terminate the growth of in-plane aromatic clusters cluster
[66,79,81], and (iii) formation of cross-links between adjacent
planes [75,82,83].

To study the effect of the nitrogen present in the precursor fiber
on the carbon nanostructure, the XRD- and Raman-derived pa-
rameters are plotted against chitosan concentration in the precur-
sor fibers (Fig. 7).

The increasing nitrogen content caused a reduction of La at
higher temperatures (700 and 900 �C) (Fig. 7a), whereas at 500 �C
the effect of nitrogen on La seemed negligible. The difference of La
between carbon fibers from standard cellulose fiber and 25 wt%
chitosan was ~2.98 and ~2.43 Å for the carbonization at 900 and
700 �C, respectively. In a study of carbon nitride films grown by ion
beam sputtering [38], the higher nitrogen content reduced the La of
the carbon grown at 450 �C but did not give clear effects on La at
150 and 300 �C. Although the authors used a different production
method, their study and the current study indicate that the effect of
nitrogen on the carbon structure also depends on the production
temperature [84]. This temperature dependency could explain the
different trends of La at different pyrolysis temperatures in Fig. 7a.
The reduction in La at high carbonization temperatures was
attributed to nitrogen atoms occupying the cluster edges, forming
pyridine-like or nitrile-like configurations, and consequently sup-
pressed the temperature-induced cluster growth [38].

The formation of the pyridine-like configurations at higher py-
rolysis temperatures (700 and 900 �C) is also found in the XPS N 1s
spectrum of carbon fiber derived from 25 wt% chitosan composite
fibers (Fig. 8). It should be noted that the intensity of the N 1s was
relatively weak throughout all spectra. Thus, any fitting result must
be interpreted with caution since the choice of the number of
functions and the location of their peak maxima inherently affects
the result. For the carbon fiber pyrolyzed at 500 �C, the N 1s peak
showed twomain peaks at ~399.2 ± 0.1 eV and ~400.4 ± 0.2 eV. The
peak at ~399.2 eV represented aminic configuration [23,85]. The
presence of the aminic group was also confirmed via FTIR spec-
troscopy by the NeH stretching band in the range of
3300e3450 cm�1 [86] in Fig. S2a. The peak at ~400.4 eV could be
assigned to pyrrole-like nitrogen [87,88]. At 700 �C, the XPS in-
tensity of aminic nitrogen decreased whereas a new peak appeared
at ~398.3 ± 0.1 eV which corresponds to pyridinic configuration
[88e90]. The peak representing pyrrolic nitrogen was still present
at this temperature. At 900 �C, the nitrogen modification remained
mostly pyridinic (~398.2 eV) and pyrrolic (~400.6 eV) as already
observed at 700 �C. The presence of five-membered rings from the
pyrrolic nitrogen which contributed to the topological disorder of



Fig. 7. La (XRD) (a), ID/IG ratio (b), d002 (c), position of the G peak (d), FWHMG (e), and FWHMG/q (f) of carbon fibers as a function of chitosan concentration in the respective precursor
composite fiber. (A colour version of this figure can be viewed online.)

Fig. 8. XPS N 1s spectra of carbon fiber derived from 25 wt% chitosan composite fiber
at different pyrolysis temperatures. (A colour version of this figure can be viewed
online.)
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the in-plane aromatic clusters discussed previously is supported by
the XPS result.

Compared to the effect of the pyrolysis temperatures on La
(Fig. 6b), the effect of nitrogen from chitosan on La (Fig. 7a) was
much lower, and hence, the changes in ID/IG due to nitrogen
(Fig. 7b) were less pronounced. Besides the slight decrease in La
(Fig. 7a), the d002 values of the carbon fibers derived from the
chitosan-containing composite fibers were lower than in the
reference cellulose fiber (Fig. 7c). The shorter interlayer distance
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d002 in the nitrogen-containing carbon material was also visible in
TEM images (Fig. 9). The fringes of aromatic layers are visible in
both samples derived from the cellulose and composite fiber. Radial
profiles of the FFT 2D power spectra (Fig. 9c) show relatively broad
peaks at around 2.5 nm�1, corresponding to the interlayer spacing,
d002. The peak position of the composite fiber shifts slightly
compared to that of the cellulose fiber, from 2.56 nm�1 to
2.66 nm�1, that equals to a decrease in d002 from 3.9 Å to 3.8 Å.

Despite the different initial N/C ratios in the 10 and 25 wt%
chitosan composite fiber (~0.012 and ~0.031, respectively), the d002
values of the respective carbonmaterials did not differ significantly
(Fig. 7c). This suggests that minor doping with nitrogen-containing
compounds could already induce structural changes in the result-
ing carbon [38,69,91]. A similar trend is observed in the XPS N 1s
spectra (Fig. 10). The nitrogen in carbon derived from 10 to 25 wt%
chitosan composite fibers pyrolyzed at 900 �C is mostly present as
pyridinic (~398.3 ± 0.1 eV) and pyrrolic moieties (~400.4 ± 0.2 eV).

The decrease in d002 with chitosan addition in the precursor
fiber could suggest a decrease in the topological disorders in the in-
plane aromatic clusters. However, from Fig. 7d, e, and 7f, respec-
tively, there was a downshift of the G peak and an increase in both
the FWHMG and the FWHMG/q with increasing nitrogen content up
to 25 wt%, indicating rising in-plane disorder in the aromatic
clusters caused by the incorporated nitrogen atoms [92]. The
presence of five-membered heterocycles in the pyrrolic units
exhibited in the XPS of the carbon derived from 10 to 25 wt% chi-
tosan (Fig. 10) could reasonably explain the topological disorders of
the in-plane aromatic clusters. Therefore, the decrease in the d002
by the nitrogen inclusionwas not due to the flattening induced by a
more topological ordering of the basal planes [64]. Again, this result
further supports that information from XRD and Raman techniques
cannot be treated as equivalent but rather complementary [63].
Depending on the cause of disorders, some disorders are reflected
only in d002 but not in R and vice versa [63], as discussed previously.
Furthermore, Lespade et al. [93] suggested that first-order Raman
spectra only correlate with the two-dimensional order or in-plane
direction of the aromatic clusters but not with the three-
dimensional/stacking ordering. Thus, the combination of comple-
mentary analytical techniques is needed to describe the properties
(e.g. ordering) of materials adequately.

As previously mentioned, incorporated nitrogen does not only
cause in-plane disorders but can also induce cross-links [75,82,83].



Fig. 9. High-resolution images of carbon fibers pyrolyzed at 900 �C from cellulose (a) and 25 wt% chitosan-containing composite fibers (b); radial profiles of FFT power spectra of
the two samples derived from the cellulose (purple) and the composite fibers (c). Red arrowhead indicates the intensity peaks corresponding to the spacing of aromatic layers. (A
colour version of this figure can be viewed online.)

Fig. 10. XPS N 1s spectra of carbon fiber at 900 �C derived from cellulose, 10 and 25 wt
% chitosan-containing composite fibers as indicated in the graph. (A colour version of
this figure can be viewed online.)
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The smaller apparent interlayer spacing d002 exhibited by the
nitrogen-containing carbon fibers might be due to the formation of
interplanar cross-links [94]. Several mechanisms for the formation
of cross-links in the basal planes have been proposed [95]. Nitrogen
can increase the flexibility of the carbon skeleton when forming
cross-links during the stabilization process of PAN fiber [96]. Also,
nitrogen can become a radical source for the adjacent carbon ma-
trix, enabling cross-linking at carbon atoms [71,95,97]. Additional
covalent bonds can form at olefine entities through propagation by
nitrogen radicals [95]. Moreover, pentagon rings induced by ni-
trogen can cause buckling of the basal planes, facilitating covalent
bond formation between planes [75,84]. This might also be a reason
for the observed in-plane cluster disorders indicated by the
downshift of the G peak and the rise in FWHMG and FWHMG/qwith
higher nitrogen incorporation previously (Fig. 7d, e, and 7f).

The formation of the cross-link structures in the chitosan-
derived carbon fibers has been suggested in Chapter 3.1 where its
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formation was associated with an enhanced dehydration reaction,
the higher thermal stability of the char, and lower volatile releases
during pyrolysis [46,50e52,98]. Moreover, the carbon fibers
derived from chitosan-cellulose composite fibers showed higher
tensile strength and Young's Modulus compared to those derived
from the standard cellulose fibers [21], despite the in-plane (two-
dimensional) disorder in the aromatic planes indicated by the
Raman parameters presented here. Similar observations on
simultaneous development of cross-linking, mechanical properties,
and surface defects have also been reported in another study [99].
This highlights the importance of a holistic assessment to construct
structure-property relationships [94,98e100].
4. Conclusion

The results in this study confirm that chitosan in chitosan-
cellulose composite fibers catalyzes the dehydration reaction
which results in lower carbonaceous volatiles and higher carbon
yields. It is important to highlight that the catalytic activity is only
observed when chitosan was in intimate contact with cellulose at a
nanoscale level in the composite fiber, as there was an insignificant
change in the cellulose degradation behavior exhibited by the
simple physical powder mixture. A more detailed investigation of
other compounds volatilized during pyrolysis of cellulose with
further additives will be provided in the next study to gain a deeper
understanding of the alteration of the cellulose pyrolysis mecha-
nism in the presence of chitosan and other nitrogen containing
polymers. Pyrolysis of the pure cellulose and the composite fibers
in the temperature range of 500e900 �C increased the size of the
aromatic clusters. Nitrogen present in chitosan was suggested to
contribute to the evolving in-plane disorder of the aromatic clus-
ters. The experimental results also suggest that the presence and
location of nitrogen could be responsible for shortening the inter-
graphene spacing, possibly by promoting the formation of cross-
linking structural elements. The formation of cross-links is associ-
ated with the catalytically enhanced dehydration reaction and the
improvement of the mechanical properties of the resulting carbon
fibers. The carbon yield and the mechanical properties of cellulose-
derived carbon fibers were increased by the sole use of another
abundant biopolymer, which has direct implications on the po-
tential and economic feasibility of carbon fibers derived from re-
newables. These improvements can make chitosan-cellulose
composite fibers also attractive as precursors of carbon materials
for other applications. Pyrolyzing the composite fibers at suitable
temperatures could be a simple strategy to tailor the properties of
the nitrogen-doped carbon matrix for the desired applications,
such as chemical or electrochemical catalysts.
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